A phosphor-converted light-emitting diode was obtained with nearly ideal blue-to-white conversion loss of only 1%. This is achieved using internal reflection to steer phosphor emission away from lossy surfaces, a reflector material with high reflectivity, and a remotely located organic phosphor having ͑1͒ unity quantum efficiency ͑ q ͒, ͑2͒ homogeneous refractive index to minimize scattering, and ͑3͒ refractive index-matched to the encapsulation to eliminate total internal reflection. An inorganic composite phosphor is also reported with a nearly homogeneous refractive index to minimize diffuse scattering of emitted light, thereby maximizing the effective phosphor q and light extraction. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2901378͔
In the United States, the goal of solid-state lighting has been defined by the Department of Energy ͑DOE͒ and the Optoelectronics Industry Development Association ͑OIDA͒. The DOE plans 1 to reproduce the spectrum of sunlight at 50% system efficiency, while the OIDA goal 2 is to achieve 200 lm/ W efficacy with good color rendering by 2020.
The phosphor-converted light-emitting diode ͑pcLED͒ configurations shown in Fig. 1 utilize a blue LED chip partially converted by the phosphor to obtain white emission. A conventional pcLED ͓Fig. 1͑a͔͒ has a broadband yellowemitting yttrium aluminum garnet ͑YAG͒:Ce powder phosphor coating on the LED die surface. This configuration is least efficient because the diffuse phosphor directs 60% of total white light emission ͑consisting of reflected blue and emitted yellow͒ back toward the chip, where high loss occurs. A scattered photon extraction ͑SPE͒ pcLED ͓Fig. 1͑b͔͒ was shown 3 to be 61% more efficient than the conventional pcLED because of the separation of the die and extraction of backward-emitted rays from the sides of the optic. Significant losses still occur inside the phosphor layer due to quantum conversion ͑QC͒ loss and trapping by total internal reflection ͑TIR͒. The pcLED configuration of Fig. 1͑c͒ introduced by Luo et al. 4 uses a remote phosphor, diffuse reflector cup, and hemispherical optic to minimize trapped light. Losses still occur at reflector surfaces as rays tend to be trapped between the phosphor layer and reflector cup. The enhanced light extraction by internal reflection ͑ELiXIR͒ pcLED ͑Ref. 5͒ ͓Fig. 1͑d͔͒ utilizes a semitransparent rather than diffuse phosphor layer that is separated from the chip by an air gap. Internal reflection at the phosphor/air interface redirects much of the backward phosphor emission away from the die and reflective surfaces without loss. The semitransparency of the phosphor layer allows light to pass without deflection and escape the device more easily than diffuse phosphor layers.
Once photons exit the blue LED chip, there are two sources of loss in a pcLED: internal loss in the phosphor during QC of LED light ͑phosphor quantum efficiency, q ͒ and absorption of both LED and phosphor-emitted photons inside the device package ͑package efficiency, p ͒. The q p product is the figure of merit for phosphor conversion efficiency ͑CE͒. An ideal pcLED will have 100% utilization of photons emitted by the LED chip ͑i.e., q p =1͒. The ultimate OIDA roadmap goal for pcLED CE is q p = 0.855.
Conventional white pcLEDs typically have low ͑Ͻ0.40͒ CE as a consequence of low 2 p ͑0.40-0.60͒ and low 6 YAG:Ce q ͑ϳ0.77͒. In order of decreasing significance, low CE is due to the following factors:
6 ͑1͒ only 40% of white lightemitted/transmitted at the phosphor layer is emitted in the forward direction, while the 60% which is emitted/reflected at the phosphor layer in the backward direction experiences high loss as it must reflect from the LED chip or submount, then traverse the entire diffuse phosphor layer before exiting the device, ͑2͒ 0.23 QC loss ͑1− q ͒ when YAG:Ce converts blue to a balanced white, and ͑3͒ 0.13 TIR loss inside the planar phosphor layer. Both the previously white pcLEDs of Narendran et al. 3 and Luo et al. 4 addressed the primary loss factor by using a remote phosphor. The Narendran device losses to 0.019 by using a diffuse reflector cup 7 to scatter whispering gallery modes, but had an unknown QC loss.
When the phosphor is in direct contact with the die, the package loss is dominated by absorption of the 60% of phosphor emission directed backward toward the chip. When the phosphor is separated from the die, loss is dominated by absorption at reflective surfaces and by trapping of light inside the diffuse phosphor. The ELiXIR luminaire addresses these loss mechanisms by reducing phosphor emission back into the die to Ͻ0.1%, combining internal reflection to redirect emission heading toward the reflector and the use of a high reflectivity specular reflector 8 with R Ͼ 98.5%, and eliminating trapping of light inside the phosphor.
The intermediate phosphor location, in both the ELiXIR and Luo devices is significant from an efficiency point of view. To minimize the amount of backward emission into the chip, the phosphor should be located as far from the chip as possible, preferably on the exterior surface of the encapsulating optic. However, for maximum transmission of phosphor-converted light at the exterior optic/air interface, the phosphor should be positioned at the center of the sphere, so that all rays will strike at normal incidence and have maximum Fresnel transmission. At minimum, TIR of phosphor-emitted rays at the exterior optic/air interface should be avoided because TIR rays have long path lengths inside the device and consequently encounter increased loss. Consider the phosphor-emitted ray from the point at the right angle vertex of the triangle in Fig. 1͑d͒ . The ray is emitted at an angle tangent to the phosphor/air interface. Of all possible ray directions, this ray strikes the exterior optic/air interface at the maximum angle with respect to normal incidence. Note also that sin = r / R, where r is the phosphor distance from the device center and R is the exterior optic radius. From Snell's law and using n air = 1, the condition to avoid TIR is sin ഛ 1 / n optic or r / R Ͻ 1 / n optic . To minimize total optical loss, the phosphor should be located far enough from the exterior optic/air interface to satisfy r / R Ͻ 1 / n optic , yet far enough from the LED chip to reduce phosphor flux incident on the chip and the associated loss.
The ELiXIR luminaire consists of a blue LED die located at the center of a hemispherical poly͑methyl methacrylate͒ PMMA shell with an interior phosphor coating composed of a fluorescent dye dispersed in a modified PMMA matrix ͑n = 1.5͒. TIR of phosphor emission at the exterior optic/air interface was avoided by placing the phosphor at a position r / R ϳ 0.5. The general structure and fabrication details have been described previously. 5 The reflector material consisted of 3M Vikuiti enhanced specular reflector film, 8 a multilayer polymer reflector having reflectivity Ͼ98.5% across the visible spectrum. High efficiency Cree EZR1000 460 nm LED die 9 were mounted onto an Al base. The spectra of three ELiXIR luminaires are shown in Fig. 2͑a͒ 350 mA, a significant improvement over the YAG:Ce device. Table I contains efficiency values for pcLEDs presented in this work and in the literature. The electrical to optical efficiency of the entire pcLED device pcL is the product of LED , s , Stokes CE, q , and p .
Previously reported conventional and ELiXIR greenyellow region pcLEDs have conversion efficiencies ͑CE The ELiXIR pcLED demonstrated here has achieved nearly ideal blue-to-white CE using a semitransparent organic phosphor and index-matched encapsulating optic. Organic materials, however, lack sufficient photostability for a practical solid-state lighting device emitting watts of optical power for thousands of hours. We have investigated an inorganic composite phosphor using an inorganic powder phosphor suspended in a transparent host with a similar refractive index. This phosphor satisfies the maximum efficiency requirements of low scattering and existence of a transparent optic material with n optic ജ n phosphor . The structure of the reduced-scatter phosphor composite is shown in Fig. 3 . A demonstration of this phosphor composite material incorporated YAG:Ce phosphor in a Schott SF57 glass matrix. A side-by-side comparison with YAG:Ce in a transparent silicone matrix ͓Fig. 3͑b͔͒ illustrates the decreased optical scatter the inorganic composite material. In Fig. 3͑c͒ , strong photoluminescence ͑PL͒ is observed from a YAG:Ce/SF57 composite sample pumped at 325 nm.
Conventional powder phosphors in pcLEDs are typically encapsulated in a matrix of epoxy or silicone. Glass encapsulated phosphors have also been reported, 12 showing an increase in stability over epoxy encapsulation, though still having similar scattering properties due to a large index difference. The encapsulation materials have a maximum refractive index of ϳ1.6 while still maintaining good transparency. The YAG:Ce phosphor, however, has a refractive index of 1.85 in the visible region. The large difference in refractive indices combined with small particle size and weak absorption results in diffuse scattering of incident and emitted light. This phosphor scatter reduces efficiency due to ͑1͒ increased path length for light inside the phosphor, leading to reabsorption losses and decreasing the effective Q of the phosphor and ͑2͒ randomizing of light directionality passing through the phosphor, leading to longer path lengths and increased contact with high loss areas such as reflectors, phosphor layer, and LED chip. Diffuse reflector surfaces have been used to increase efficiency by scattering modes trapped by TIR. When seeking near perfect extraction efficiency, however, diffuse surfaces are best avoided because of additional loss due to ray path randomization.
In summary, the combination of a semitransparent, high efficiency phosphor and a device structure engineered to minimize internal loss has enabled blue-to-white conversion with nearly ideal efficiency. The YAG:Ce composite material is a practical implementation of these principles for increased efficiency solid-state lighting. Luminaires incorporating phosphor composite materials can exceed the OIDA efficiency targets for the year 2020.
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